Anti-lock braking system is an important part of active safety control for electric vehicles. In this paper, a novel control strategy of anti-lock braking for in-wheel motor driven electric vehicles is proposed. Based on the analysis of the vehicle dynamic process, proportion-integral control is proposed to control the slip ratio of the wheel, and the braking force is distributed to hydraulic braking system and regenerative braking system according to their characteristics. Simulations have been carried out using Matlab/Simulink. Results showed that the coordinate control of hydraulic braking and regenerative braking can achieve good slip ratio control effect and energy recovery. The anti-lock braking performance of the vehicle has been enhanced.
INTRODUCTION
Anti-lock braking system plays an important role in vehicle emergency braking maneuvers. It can help the vehicle to maintain the wheel slip ratio near a desired value to generate a tire-road friction force as large as possible to reduce the braking distance [1] . For traditional vehicles, the hydraulic braking pressure can be controlled by regulating the solenoid valves through pulse width modulated (PWM) signals to avoid locking the wheels. The friction brake torque is slow in dynamics which affects the slip ratio control performance. For electric vehicles, the regenerative braking torque is much faster in dynamics, which can benefit the slip ratio control. So the anti-lock braking system using regenerative braking system has attracted much attention from researchers. Yoichi H proposed a model following control method to keep the slip ratio near the optimal point by using motor torque control [2] . However, the regenerative braking system has a limited working range that may be insufficient for the required braking torque, and the vehicle needs hydraulic braking to provide enough braking force. Eiji N proposed an anti-lock braking control strategy based on brake-by-wire system [3] .
However, this strategy mainly focuses on how to achieve maximum energy recovery, without consideration of enhancing braking performance. C.L. Yin applied the fuzzy logic approach to the combined control strategy of anti-lock braking system [4] . The strategy can keep the slip ratio near the target and regenerate energy efficiently, but the slip ratio control effect is not very smooth. J.M. Wang developed a robust slip ratio control method combining hydraulic and regenerative braking for inwheel-motor driven electric vehicle [5] . The strategy can achieve good slip ratio control effect but the energy recovery is limited.
In this paper, a novel control strategy of anti-lock braking for in-wheel-motor driven electric vehicles is proposed. The dynamic process of the wheel is analyzed and the relationship between the slip ratio change rate and the braking torque is derived. Proportion-integral control of the slip ratio change rate is applied to keep the slip ratio near the optimal point, so as to generate a maximum tire-road friction force. The total braking torque is distributed to the regenerative braking system and hydraulic braking system according to their dynamic characteristics using fuzzy logic control. Simulations have been carried out using Matlab/Simulink. Results showed that the proposed strategy can obtain good deceleration effect and energy recovery.
SYSTEM MODELING
Quarter vehicle dynamic model. For in-wheel-motor driven vehicles, the regenerative braking torque and hydraulic braking torque of the wheels can be controlled independently. So here we use a quarter vehicle model to discuss the antilock braking control method. Fig 1 shows the motion state of the wheel during braking process. The longitudinal motion of the vehicle and the rotation of the wheel can be described by Equation (1) .
where m is the vehicle mass, I is the the inertia of the wheel, r is the radius of the wheel, u is the longitudinal speed of the vehicle, ω is the rotation speed of the wheel, F x is tire-road friction force, and T b is the total braking torque on the wheel.
Tire model. The tire model is used to describe the dynamic characteristics of tires. In this paper, a widely used µ-λ relationship given by Burckhardt [6] is adopted, as expressed in Equation (2). 
where λ is the slip ratio of the wheel, µ=F x /F z presents the adhesion coefficient utilization, c 1 , c 2 and c 3 are the parameters. Under different road conditions, these parameters are different.
Regenerative braking system. The regenerative braking torque is provided by the motor. The response of the motor torque is much faster than the dynamic response of the wheel, so the dynamic response of the motor torque can be simplified as a secondorder system [2] . So the regenerative braking torque can be described by Equation (3).
where T rb is the regenerative braking torque, i is the transmission ratio, T m is the output motor torque, T cmd is the motor torque command, and ξ is the parameter of the dynamic response.
Hydraulic braking system. The structure of the hydraulic braking system is showed in Fig 2. The pressure of the wheel cylinder can be controlled by the intake valve and the outlet valve. Equation (4) shows the control of the hydraulic braking system [5] .
where P m , P w ,P 0 are the pressure of the main cylinder, wheel cylinder and the reservoir. C d, A vi , A vd, k andV 0 are the flow coefficient of the valves, the cross-sectional area of the inlet valves, the cross-sectional area of the outlet valves, the bulk modulus of the brake oil and the brake oil volume under no pressure respectively. φ vi and φ vd are the coefficients for pressure increase and decrease modes. τ 1 and τ 2 are the PWM signals used to control the intake valve and the outlet valve. T hb , A, f, r 1 are the hydraulic braking torque, wheel cylinder cross sectional area, the friction coefficient and the effective brake radius, respectively. 
ANTI-LOCK BRAKING CONTROL STRATEGY
The target of anti-lock braking control is to generate a tire-road friction force as large as possible to reduce the braking distance by controlling the slip ratio of the wheel. Fig 3 shows the µ-λ curves of different road conditions. It can be found that at the point λ=15%, µ is very close to the maximum valve for all of the road conditions, so we choose λ 0 =15% as the target slip ratio. When the slip ratio exceeds 15% during a braking process, anti-lock braking control will be activated. From Equation (2), we can derive the change rate of the slip ratio, which can be described by Equation (5) (
By applying Equation (1) into Equation (5), the relationship between braking torque and the change rate of slip ratio can be derived, as Equation (6) shows. 
As the change rate of slip ratio can be controlled, close-loop control of slip ratio can be obtained by using proportion-integral control. The control law of λ is described by Equation (7).
By applying Equation (7) to Equation (6), the braking torque command can be acquired proportion-integral control is used to calculate out the target of λ . Then the total braking torque is calculated out with the information of the vehicle. At last, the braking torque will be distributed to hydraulic braking and regenerative braking. The regenerative braking torque has a limited working range but can recover energy and the torque response is fast. So the distribution scheme should make use of the advantages of regenerative braking to recover more energy and meet the rapid change of the braking torque. By applying λ =0 to Equation (6), we can get T should be satisfied by regenerative braking. The distribution can be described by Equation (10). 
where T m_max is the maximum torque of the motor. ∆ is the adjustment to make sure that the motor is working in generating mode so that more energy can be recovered. The regenerative braking torque should satisfy the following condition
In order to avoid vibration, a small integral parameter k 2 is chosen. Fuzzy logic control is used to calculate the proportion parameter k 1 so as to meet the requirement of Equation (11). 
SIMULATION
In order to test the validity of the proposed anti-lock braking control strategy, simulations have been carried out using Matlab/Simulink. The braking performance and energy recovery of the vehicle have been tested under low adhesion coefficient and middle adhesion coefficient road condition. The simulation results are shown in Fig 8 and The initial speed of the vehicle is 65km/h and the vehicle starts braking at t=9.6s. The desired braking torque exceeds the limit of the road adhesion, and the wheel starts to be locked. So the anti-lock braking control is activated. The braking torque required by anti-lock braking control is small and satisfied only by regenerative braking. With the adjustment of the regenerative braking torque, the slip ratio reaches the target slip ratio 15% in less than 0.8s. After then the slip ratio is kept near 15%. At t=25.5s, the vehicle returns to normal hydraulic braking model, as it's difficult to control the slip ratio at a low vehicle speed. The locking of the wheel will not lead to additional braking distance as the vehicle speed is quite low. During the period of anti-lock braking, only regenerative braking is used which results in perfect energy recovery. The average deceleration is 0.92m/s 2 , which means that the braking force almost reaches the maximum of tire-road friction. The effects of both deceleration and energy recovery are good. .3) road. The initial speed of the vehicle is 70km/h and the vehicle starts braking at t=4.4s. The slip ratio exceeds 15% and the anti-lock braking control starts to work. The braking torque required by anti-lock braking control exceeds the working range of regenerative braking system, so hybrid braking mode combining regenerative braking and hydraulic braking is activated. By applying the distribution strategy, the rapid change of the braking torque command is satisfied by regenerative braking. The slip ratio is adjusted to 15% rapidly in less than 0.9s and kept near the control target. During the anti-lock braking period, as the speed lows down, the maximum torque of the motor increases, and the regenerative braking torque increases accordingly in order to recover more energy. After t=11.1s, the vehicle returns to hydraulic braking mode. Both the slip ratio control and the energy recovery achieve good effect. The average deceleration is 2.73m/s 2 , which means that the braking torque can also reach the maximum of tire-road friction when working in hybrid braking mode.
Simulation results show that the proposed anti-lock braking strategy works effectively on low adhesion coefficient road and middle adhesion coefficient road. Both the deceleration effect and the energy recovery effect can achieve the expected target.
CONCLUSION
In this paper, a novel anti-lock braking control strategy for in-wheel-motor driven electric vehicle is proposed. First, the dynamic process of the wheel is analyzed. The close-loop control of slip ratio can be obtained by using proportion-integral control of the slip ratio change rate. The braking torque is distributed to hydraulic braking and regenerative braking according to their characteristic, by using fuzzy logic control. Simulations have been carried out, and results show that the proposed strategy can achieve good deceleration effect and energy recovery under different road conditions.
